ABSTRACT. We describe here the New Zealand kauri (Agathis australis) Younger Dryas (YD) research project, which aims to undertake  14 C analysis of ~140 decadal floating wood samples spanning the time interval ~13.1-11.7 kyr cal BP. We report 14 C intercomparison measurements being undertaken by the carbon dating laboratories at University of Waikato (Wk), University of California at Irvine (UCI), and University of Oxford (OxA). The Wk, UCI, and OxA laboratories show very good agreement with an interlaboratory comparison of 12 successive decadal kauri samples (average offsets from consensus values of -7 to +4 14 C yr). A University of Waikato/University of Heidelberg (HD) intercomparison involving measurement of the YD-age Swiss larch tree Ollon505, shows a HD/Wk offset of ~10-20 14 C yr (HD younger), and strong evidence that the positioning of the Ollon505 series is incorrect, with a recommendation that the 14 C analyses be removed from the IntCal calibration database.
INTRODUCTION
The Younger Dryas (YD) stadial, from ~12.95 to 11.6 kyr cal BP, represents an abrupt Northern Hemisphere (NH) cooling episode, punctuating the general warming trend from the Last Glacial Maximum (LGM; ~21 kyr cal BP) to the Holocene (~11.7 kyr cal BP, Walker et al. 2009; Blockley et al. 2012) . The YD represents the end of the last glacial period in the Atlantic region of the NH and ended with rapid warming at high latitudes accompanied by several as yet unexplained, large, prolonged changes in atmospheric 14 C concentration. Crucially, the YD is also an important period of time for 14 C calibration in that it links the younger absolute extended tree-ring chronology Hua et al. 2009 ) with the older floating European Lateglacial Pine (LGP, Kromer et al. 2004) and Central European Lateglacial Master (CELM, Kaiser et al. 2012) chronologies.
By extending the European absolute tree-ring chronology ) from 12.4 to 12.56 kyr cal BP and linking it to the floating LGP data set using a 617-yr-long floating sequence of tree rings of Huon pine (Lagarostrobos franklinii) from Tasmania, Australia, Hua et al. (2009) made an important contribution towards improving 14 C calibration across this time period. However, the Huon pine sequence, which is composed of only 4 logs, could not be cross-matched by ring-width correlations, and therefore relied on 14 C wiggle-matching alone, introducing potential uncertainties in the chronology. Unfortunately, the situation is exacerbated by the limited overlap between the older LGP/CELM series and younger Preboreal Pine Chronology (PPC, Friedrich et al. 2004 ).
We present here a new initiative using New Zealand kauri (Agathis australis), which will not only significantly improve linkage of the floating LGP record to the extended absolute tree-ring chronology, but will also increase the sample density of both records. The Northland subfossil kauri resource represents one of the world's foremost archives of atmospheric records during the last 60 kyr (Turney et al. 2007) . Kauri logs are buried in bogs scattered over a 300-km stretch of northern New Zealand, with the anaerobic conditions resulting in a remarkable state of preservation of the wood (Ogden et al. 1992; Palmer et al. 2006) . Some of the buried trees are of enormous proportions, with diameters greater than 4 m and individual ages of more than 2 kyr. Living tree cores from a network of sites have been collected (Buckley et al. 2000; Fowler et al. 2000) , and this chronology was recently linked to late Holocene subfossil sites (Boswijk et al. 2006) . At the same time, a collection of significantly older subfossil kauri has been obtained from 16 different locations, and several floating tree-ring chronologies are in varying stages of development (Turney et al. 2010) . This wood contains an immense, high-resolution store of information about past environmental conditions, including climate and landforms. The timespan covered (>60 kyr) and the potentially detailed climatic reconstructions possible from the long series of annual rings preserved in these trees (Buckley et al. 2000; Fowler et al. 2000 Fowler et al. , 2012 means that this wood is a scientific resource of international significance (Turney et al. 2007) .
The 1450-yr-long New Zealand YD kauri chronology, which is constructed from 30 trees from Towai in Northland (3530.393S, 17410.376E; Figure 1 ), is also floating and presently spans the time interval ~13.1-11.7 kyr cal BP. Here, we present dendrochronological data showing that approximately 1150 yr are securely cross-matched, with efforts continuing to increase replication for the remaining 150 yr at either end of the record.
In this paper, we describe a collaborative research program between 6 universities (University of Waikato, University of New South Wales, University of California at Irvine, University of Oxford, University of Exeter, and University of Auckland) and the Gondwana Tree-Ring Laboratory, Canterbury, New Zealand, aimed at providing a floating, high-precision (±2-3‰), high-resolution (decadal), atmospheric  14 C record covering the YD chronozone. It will test the integrity of the European extended absolute tree-ring chronology, some of the linkages of which are considered "tentative" ) and will provide a more secure overlap with the older floating LGP record. We describe our methodology, including the efficacy of various pretreatment regimes (ABA, holocellulose, and -cellulose) for removing modern contamination from subfossil wood. We also present the results of 2 intercomparison studies designed to identify any interlaboratory differences. The first involves analysis of 12 successive decadal YD-age kauri samples, with the University of Waikato (Wk), University of California at Irvine (UCI), and University of Oxford (OxA) radiocarbon laboratories joined by the radiocarbon laboratories at the University of Heidelberg (HD) and the Laboratory of Ion Beam Physics at the Swiss Federal Institute of Technology Zurich (ETHZ). The second intercomparison is between the Wk and HD laboratories, to assist with aligning the Southern Hemisphere (SH) kauri data set with IntCal data. It consists of >30 new analyses from the Swiss larch tree Ollon505 Kaiser et al. 2012) for comparison with 13 previous 14 C measurements incorporated into IntCal04 (Reimer et al. 2004 ) and IntCal09 (Reimer et al. 2009 ). We also discuss the impact of these analyses on IntCal04, IntCal09, and IntCal13 (Reimer et al., this issue) for this important time period.
METHODS

Dendrochronology
It is crucial that calibration data sets are obtained from securely cross-dated and well-replicated treering sequences. Kauri trees used for the measurements were excavated from a farm site at Towai, Northland, New Zealand. A total of 30 logs were collected, from which 77 radial series were measured to produce a chronology that spans 1451 yr. The average length of the series is 551 yr, with an average ring-width of 1.13 mm, with only 0.63% missing rings. The average cross-correlation coefficient between all the series is 0.71. The number of logs measured per tree-ring number is shown in Figure 2 .
The 1451-yr series has a declining number of samples at each end. In tree-ring research, a major emphasis is placed on ensuring chronologies are well replicated in an effort to avoid any dendrochronological dating errors. A frequently used criterion for establishing if sufficient replication is present is the expressed population signal, or EPS (Wigley et al. 1984) . With an EPS threshold of >0.85 applied to the Towai kauri chronology, the first 115 yr (i.e. oldest rings) and the last 164 yr (i.e. youngest rings, see Figure 2 ) have inadequate sample depth. The intervening 1172 yr is thought to have adequate replication and the subset of 12 samples selected for the kauri laboratory intercomparison was taken from this interval (Figure 2 ). The lack of replication at the younger end of the Towai kauri series weakens linkages with the NH extended absolute tree-ring chronology, and efforts are currently underway to extract new kauri logs to increase the sample depth for this part of the chronology. 
Wood Pretreatment for D 14 C Measurement
It is important that the wood component chosen for 14 C dating of any particular tree species is representative of ambient atmospheric  14 C levels at the time of growth. It is generally accepted that all resin fractions should be discarded, and Hoper et al. (1998) recommend isolating highly pure -cellulose, by removing lignin and hemicelluloses as well, to avoid species-specific differences resulting from variable lignin fractions. They showed that while bleaching with acidified NaClO 2 was capable of removing lignin in English oak (Quercus petraea), it was insufficient for New Zealand cedar (Libocedrus bidwillii), which required an additional base extraction. Variations in sample size, associated with analysis method, also need to be considered, with chemical pretreatment of small accelerator mass spectrometry (AMS)-sized samples (<50 mg) more effective because of surface area than for liquid scintillation counting (LSC) and gas proportional (GP) samples, which can be more than 1000 times larger (e.g. 70 g). Before embarking upon a large-scale calibration study, researchers may wish to compare results from different pretreatment methods to ascertain whether or not the additional effort extracting -cellulose is warranted. Pretreatments used by the Wk/UCI/ OxA research group are presented in some detail below.
University of Waikato
Wood pretreatment protocols employed at the University of Waikato are modified from those outlined in Hogg et al. (2011) . The 70-g samples were chipped and ground in a Thomas Wiley intermediate mill to pass a 20-mesh sieve. Resins were extracted by refluxing in a Soxhlet apparatus, using a 2-step process (acetone, 6 hr; distilled water, 6 hr). The wood was then bleached in acidified NaClO 2 (15 g/L) repeatedly until the wood component was white in color. It was then stirred in 5% NaOH in a N 2 gas atmosphere for 30 min, followed by acidification in 5% HCl and washing in distilled water. Final material is white in color and represents ~40% of the initial weight of the wood. The shaded area indicates the 120-yr window where the decadal samples were taken for the intercalibration study. For the intercomparison period, there were between 17 and 23 log samples per year, ensuring a secure tree-ring chronology for this interval. The right scale shows the EPS (expressed population signal), which is a frequently used criterion for establishing if sufficient replication is present. An EPS value of >0.85, shown by the horizontal gray (orange) line, is considered satisfactory replication (Wigley et al. 1984) . Colors in parentheses relate to the online version of this article.
University of California at Irvine
Fine shavings (<0.5 mm thick) were subsampled from the decadal wood blocks, producing samples of 20-40 mg. Acid-base-acid (ABA) pretreatment was carried out in 13 × 100 mm test tubes covered with vented closures, on a heat block at 70 C. Samples were treated with aliquots of ~6 mL of 1N HCl for 30 min, followed by successive 1-hr treatments with 6 mL of 1N NaOH until the liquid remained clear, ending with another 30-min 1N HCl wash.
Isolation of holocellulose was carried out in 13-mm test tubes at 70 C using equal volumes of 1N HCl and 1M NaClO 2 . Some 2.5 mL of bleach and 2.5 mL of acid was usually sufficient to bleach up to 40 mg of wood over 3-6 hr, though bleaching times varied and a second short treatment was required for a few of the larger samples. After bleaching, the holocellulose was washed several times with ultrapure water (Milli-Q™ 30 min, 70 C) to pH > 6. Samples were then air-dried at 70 C; vacuum drying was not used because tests showed that backgrounds are higher in vacuumdried cellulose samples.
For -cellulose extractions, the bleached holocellulose was washed once with ultrapure water, followed by treatment with 6 mL of 5N NaOH for 1 hr at room temperature. This was followed by a 30-min treatment with 1N HCl at 70 C to remove any absorbed atmospheric CO 2 , followed by multiple ultrapure water washes and drying as above.
University of Oxford
ABA method (laboratory code UW).
Following the routine ORAU pretreatment protocol for wood (Brock et al. 2010) , samples (~70 mg) were washed sequentially with 1N HCl (80 C, 20 min); 0.2N NaOH (80 C, 20 min); 1N HCl (80 C, 1 hr); and 5% w/v NaO 2 Cl (80 C, up to 30 min). They were rinsed with ultrapure water 3 times after each stage.
-cellulose method (laboratory code UA*). This is a method that was specifically developed for this project. A Dionex ® ASE 100 (accelerated solvent extraction) system was used to remove the mobile phases (principally resins) from the wood (70-80 mg samples). This operates at 100 C and 116 atmospheres using 2 × 5 min static cycles, 150% flush volume of acetone, followed by 2 × 5 min static cycles, 150% flush volume of ultrapure water. After drying, the samples were transferred to 12-mL glass tubes and subjected to a bleaching stage (1.5% w/v NaO 2 Cl plus 6 mL/L HCl at 70 C, repeated 4 times over 24 hr), followed by a single ultrapure water rinse. A more rigorous ABA methodology was then applied (as compared with the regular UW pretreatment protocol). This consisted of a 4% (1.12N) HCl treatment (at 70 C for 20 min), followed by a 17.5% w/v NaOH treatment (at room temperature for 60 min, with ultrasonication, under a constant N 2 environment), and followed by a 5% (1.4N) second HCl treatment (at 70 C for 10 min). After each successive stage, ultrapure water rinses were performed to ensure effective removal of the acid and base washes (typically, 3 rinses after the initial acid, 5 rinses after the base, and a further 5-6 after the final acid). Additionally, the pH was checked to confirm removal of the base.
Following treatment, all samples were subsequently freeze-dried prior to combustion and graphitization as described by Brock et al. (2010) .
C Measurement
To obtain high resolution, accuracy, and precision, we have employed replicate measurement by both LSC (Wk) and AMS (UCI, OxA) laboratories on decadal wood samples. All 14 C ages were calculated according to Stuiver and Polach (1977) .
University of Waikato
The University of Waikato carbon dating laboratory utilizes liquid scintillation spectrometry to measure  14 C and optimizes each step of the process to achieve high levels of precision (1 errors average ±24 yr at 10 kyr BP). -cellulose samples of 35 g were combusted in an oxygen stream, forming CO 2 , which was reacted with molten lithium metal to form Li 2 C 2 . This was then hydrolyzed to form acetylene gas, and converted to benzene by vanadium-activated catalytic trimerization. The benzene was synthesized in vacuum lines preconditioned for activities of approximately 2 half-lives, with 7.5-g benzene samples measured in "Waikato" synthetic silica counting vials (Hogg 1993 ) for 10k min in LKB Wallac Quantulus™ spectrometers optimized for high-precision dating (Hogg et al. 2007) . Background and modern activities were individually determined for each scintillation vial. Background 14 C levels were initially calibrated with scintillation-grade Spectrobenzene, with background correction achieved by multiple analysis of the -cellulose fraction of the Waikato OIS7 kauri standard (~140 kyr cal BP subfossil kauri, Hogg et al. 2006) , to account for in situ contamination or extra activity added or removed in the laboratory, during either pretreatment or benzene synthesis. Background blank activity was equivalent to 0.00071 ± 0.00005 times Modern (58.2 kyr BP, Hogg et al. 2006) . Oxalic acid II (HOxII) was used for individual modern calibration of counting vials. It was combusted in a similar manner to the cellulose samples, using a throughflow combustion system. This method of HOxII CO 2 preparation results in typical  13 C values (-17.33 ± 0.14‰) with no evidence of isotopic fractionation. The secondary standard ANU sucrose (IAEA C-6) was used as a check on long-term reproducibility, with Waikato measurements (1.5033 ± 0.0005 times Modern) producing statistically indistinguishable values from those recently published by Xu et al. (2010) , 1.5023 ± 0.0013 times Modern (with Waikato/Hogg data removed) and significantly less than the international consensus value of 1.5061 ± 0.000011 times Modern (Rozanski et al. 1992 ). Isotopic fractionation correction was achieved by measuring  13 C for all samples using a Europa Scientific Penta 20/20 isotope ratio spectrometer.
University of California at Irvine
14 C measurements were carried out with an NEC compact (1.5SDH) AMS system, using a running mean of results on 6 aliquots of oxalic acid 1 (HOx1) as the normalizing standard. Each mg-sized carbon sample was measured multiple times (typically 8-12 runs) over a 24-hr period. Samples of holocellulose from the Waikato OIS7 kauri background standard and an internal laboratory standard (SR7269, 11,980 ± 30 BP) were prepared and measured with each batch of unknowns, usually with one OIS7 and one SR7269 in each set of 12 samples graphitized. Typically, 2 aliquots of holocellulose were prepared separately from each decadal Towai kauri sample, and in many cases, additional duplicates were measured on new combustions of the remaining cellulose.  13 C fractionation correction was achieved with measurements obtained from the AMS spectrometer itself. Results on the OIS7 blank ranged from 0.0007 to 0.0022 times Modern (58-49 kyr BP) with a mean of 0.0012 (54 kyr BP). The mean of results from OIS7 aliquots graphitized and measured with a given batch of unknowns was used as the best estimate of the blank for that set, with an assumed uncertainty of ±30%. The quoted 14 C uncertainties include contributions from the normalizing standards, the background subtraction, and from the scatter in the repeated runs on each sample, as well as counting statistics.
University of Oxford
All Oxford samples were measured as reported in Bronk . Wood samples were combusted in a CHN analyzer with GC purification of the evolved CO 2 . The CO 2 was then converted to graphite using H 2 and an Fe catalyst, and loaded into aluminum target holders for the HVEE 846 ion source. Batches of targets including standards and backgrounds were measured with a 3MV HVEE Tandetron, correcting for isotopic fractionation using the 13 C/ 12 C ratio from the AMS. The background correction routinely used for wood samples in the Oxford laboratory is made up of 2 components: an AMS background that is determined at run-time using graphitized CO 2 of fossil origin, and a sample-size dependent combustion background determined through multiple measurements of background standards (principally nylon) covering a wide range of sizes. Multiple analyses of the Waikato OIS 7 kauri background returned results statistically indistinguishable from the estimated backgrounds using the standard procedure.
INTERCOMPARISON RESULTS
Two separate intercomparison studies were undertaken as part of this research program. The first involved 5 laboratories (Wk, UCI, OxA, together with HD and ETHZ) measuring  14 C in 12 successive YD-age decadal kauri samples to determine if the various laboratory protocols produced consensus values. The second intercomparison was confined to the Waikato and Heidelberg radiometric laboratories and involved high-precision measurement of  14 C levels in the ~10 kyr BP Swiss larch tree Ollon505, to investigate potential offsets between the Wk/UCI/OxA research group and previous Heidelberg YD measurements incorporated into IntCal04 (Reimer et al. 2004 ) and IntCal09 (Reimer et al. 2009 ).
The Five-Laboratory intercomparison
The 5 contributing laboratories listed above analyzed 12 successive decadal kauri samples with midring numbers 346.5-456.5. Error-weighted mean values and average laboratory differences were calculated for each decade (Table 1) . Initial results showed significant variation, particularly amongst the AMS labs, which showed differences from mean values ranging from 41 14 C yr older to 18 14 C yr younger. Because of the unexpectedly large variation in results, all laboratories carefully scrutinized their wood pretreatment and  14 C analysis protocols, with the AMS laboratories undertaking some new analyses (Table 2 ).
An initial 15-20 14 C yr UCI offset to younger kauri ages was found to be due to previously unrecognized dead time in the data processing electronics, additional to the known software-corrected dead time that affected high 14 C count rates from recent samples and normalizing standards. These and other factors contributing to the initial interlaboratory differences will be described in detail elsewhere. The Oxford laboratory corrections appear to be related to issues with the new -cellulose pretreatment method. Excess material from the first pretreatment from a few samples was re-acidified in 0.5N HCl and rinsed 5-6 times with deionized water, to ensure that the samples had reached neutrality, and combusted and dated again. Two samples were pretreated again from the original wood sample material and redated. The repeated ETHZ measurements followed a stricter process control for chemical pretreatment and cellulose storage. Samples, standards and background blank materials were prepared and measured over a shorter time interval to avoid possible storage contamination issues. The mean 14 C age of the repeated measurements (Table 2 ) is ~30 ± 7 14 C yr younger than the initial analyses ( Table 1) . As the reason for the initial offset could not finally be resolved, all ETHZ measurements are included in the second data set. The final interlaboratory results are summarized in Figure 3 .
The final AMS consensus values had equivalent or significantly reduced population standard errors. The Waikato/UCI/Oxford results are very consistent, with offsets of -7 to +4 14 C yr and with mean population standard deviations consistent with stated analytical errors. The HD results are slightly younger than the Wk/UCI/OxA consensus values and this potential offset will need to be considered when the YD-kauri data set is 14 C wiggle-matched against the extended absolute tree-ring chronology. Table 2 Final consensus values and interlaboratory differences for 12 successive decadal kauri samples (consensus age minus laboratory age). All errors represent the population standard deviations.
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The Waikato/Heidelberg Intercomparison
Waikato and Heidelberg undertook a second intercomparison to investigate further the possibility of an offset (OxA, UCI, Wk dates older) that might influence the accuracy of wiggle-matching the YDkauri data set to IntCal09 data. A Swiss larch tree, Ollon505 Kaiser et al. 2012) , was chosen because it contains 363 rings and offered sufficient quantities of wood for both LSC and GP  14 C analysis. The HD and Wk laboratories undertook new analyses (11 and 20 measurements, respectively), with previously published IntCal09 HD measurements given in Table 3A and the new HD/Wk data sets in Table 3B . The differences between the 11 new Ollon505 sample pairs are shown in Table 3B , last column. The average difference of 21 14 C yr reinforces the view that there may be a systematic offset between the HD and Wk laboratories of ~10-20 14 C yr, with HD analyses younger. Differences of this magnitude will only be significant when comparing a very high-precision data set, such as the new kauri measurements, obtained from combining many replicate analyses. It may be necessary to consider this offset, perhaps by increasing the error limits for the interhemispheric offset, when the new floating kauri YD data set is wiggle-matched against the 14 C absolute extended tree-ring chronology, which is dominated by HD measurements for this time period.
The combined previously published and new Ollon505 data sets (Tables 3A and 3B ) based upon the IntCal09 calendar ages are plotted alongside IntCal09 in Figure 4 . Although the original 13 Ollon505 measurements conform to, and indeed define, IntCal09 (see Figure 4) (Figure 5 ), but in a time interval some 145 yr younger than the calendar ages given in IntCal09.
This strongly suggests that Ollon505 is incorrectly positioned in both IntCal04 and IntCal09. The Ollon505 data set has therefore been omitted from the IntCal13 update (Reimer et al., this issue) . Removal of the Ollon505 measurements from IntCal09 creates a significant paucity of data with only 1 measurement (from the Cottbus chronology) between ~12.15 and 11.94 kyr cal BP ( Figure 5 ). The dendrochronological linkage between the Zurich and Cottbus dendrochronological series is described as "tentative" in Friedrich et al. (2004) because of the small number of trees in the Zurich series, the dependence on chronologies from different regions far away from each other (NE Germany and NE Switzerland), and the length of the overlap between the chronologies, which is relatively short (~130 yr), considering the distance between the sites.
Based upon tree-ring measurements, the 415-yr Swiss Avenches chronology (20 pines) extends from 12,057-11,642 cal BP, and overlaps with the PPC by 299 yr. The German Cottbus chronology (28 pines, 12,325-11,927 cal BP) in turn overlaps with Avenches by 130 yr, and finally Zurich (YD-B, 7 pines, 12,594-12,195 cal BP; Hua et al. 2009 ) overlaps with Cottbus by another 130 yr. These overlaps are more than sufficient for decadal resolution, high-precision 14 C wiggle-matching, but we consider confirmation of these linkages desirable in order to improve the integrity of this part of the calibration curve.
The international research funding bodies should be encouraged to support efforts for obtaining new measurements from these series to increase the sample density for this time range. Furthermore, the dendrochronology of the larch tree Ollon505 and other floating Swiss Younger Dryas and Preboreal pine series from nearby Zurich (Kaiser 1993; Kaiser et al. 2012) should be re-examined to see if a statistically valid younger dendrochronological fit of Ollon505 is possible.
CONCLUSIONS
We describe here the wood pretreatment and  14 C analytical protocols adopted for the Younger Dryas kauri research project, with replicate analyses to be performed by the Wk, UCI, and OxA 14 C dating laboratories across ~145 decadal floating New Zealand kauri (Agathis australis) samples spanning the time interval ~13.1-11.7 kyr cal BP. The initial interlaboratory intercomparison exercise (which also included the HD and ETHZ laboratories) highlighted inconsistencies in AMS sample pretreatment or  14 C measurement, which after correction resulted in very good agreement between all 5 participating laboratories. A HD/Wk intercomparison involving measurement of the YD-age Swiss larch tree Ollon505 showed a HD/Wk offset of ~10-20 14 C yr (Heidelberg younger) and strong evidence that the IntCal04 and IntCal09 calendar ages for the Ollon505 series are incorrect. This series has therefore been removed from IntCal13. The dearth of measurements from 12.15-11.91 kyr cal BP should be rectified by adding new data points, at decadal resolution, from dendrochronologically dated chronologies of this time period.
